Cellular senescence occurs not only in cultured fibroblasts, but also in undifferentiated and specialized cells from various tissues of all ages, in vitro and in vivo. Here, we review recent findings on the role of cellular senescence in immune cell fate decisions in macrophage polarization, natural killer cell phenotype, and following T-lymphocyte activation. We also introduce the involvement of the onset of cellular senescence in some immune responses including T-helper lymphocyte-dependent tissue homeostatic functions and T-regulatory cell-dependent suppressive mechanisms. Altogether, these data propose that cellular senescence plays a wide-reaching role as a homeostatic orchestrator.
Introduction
In the 1960s, Hayflick and Moorhead first used the term 'cellular senescence' to describe the limited replicative potential of primary human fibroblasts in vitro (Hayflick & Moorhead, 1961) . This phenotype was dependent on the telomere length and on the induction of two major cell cycle inhibitory pathways: the ATM/p53/p21
Waf1 and the p16 INK4a /pRB signaling cascades. Fifty years later, we now know that cellular senescence occurs in response to a large variety of extrinsic and intrinsic signals that can be associated or not with telomere erosion and the presence of permanent DNA damage (for review, see Muñoz-Esp ın & Serrano, 2014; Salama et al., 2014) . Senescent cells are detected during embryo tissue development, in highly differentiated cell types as well as during tissue repair, tumor suppression responses, and ageassociated loss of tissue functions (for review, see Muñoz-Esp ın & Serrano, 2014; Salama et al., 2014) . The senescence-promoting signaling cascades lead to three features found in all senescent cells: (i) permanent cell cycle arrest, associated with (ii) chromatin alterations, leading to the (iii) establishment of a specific secretome, called senescence-associated secretory phenotype (SASP). Through the production of specific paracrine and autocrine factors, such as chemokines (CCL2/MCP-1, TNF-a, IFN-c GRO-a, IL-8, IL-6), growth and differentiation factors (TGF-b and HGF), and matrix-remodeling enzymes (MMP1/ 3/10/13), this SASP allows the cross-talk between senescent cells and neighboring cells. The SASP also triggers the detection, elimination, and rapid replacement of senescent cells by the homeostatic protective system of each tissue. Altogether, these recent findings offer new insights into the complex roles of cellular senescence during ontogenesis as well as in physiological and pathological situations conserved in many species (Campisi & Robert, 2014; Muñoz-Esp ın & Serrano, 2014; Salama et al., 2014) . Cellular senescence, especially telomere-dependent senescence, has been known for years to occur in immune cells (for review, Chou & Effros, 2013) . Recent work suggests that the onset of cellular senescence can also be used by the immune system to guide immune cell fate decision, regulate immune responses, and control tissue homeostasis during the entire life of an individual. We review here these new findings that help us to better understand the role(s) of cellular senescence in tissue homeostasis and in chronic inflammatory disorders.
Cellular senescence and immune cell fate decision
Cellular senescence was originally described as an irreversible cell cycle arrest even in the presence of growth factor stimulation (Hayflick & Moorhead, 1961) . This property makes senescent cells clearly different from quiescent cells (Campisi & Robert, 2014) . One gene locus, namely CDKN2A, which encodes for two unrelated proteins p16
INK4a and p14/p19 ARF , is involved in this senescence-induced cell cycle arrest (Krishnamurthy et al., 2004) . Indeed, by inhibiting cyclin-dependent kinases (CDKs), p16
INK4a maintains the retinoblastoma family members (pRB, p107, and p130) in their transcriptionally repressive forms, thus preventing G1/S cell cycle progression (Gil & Peters, 2006) . On the other hand, by interfering with MDM2 (mouse double minute 2)-dependent degradation of p53, p14/p19 ARF controls p53/p21 WAF1 -induced G1 or G2 cell cycle arrest (Gil & Peters, 2006) . Remarkably, using knockout mice models for this locus, it was possible to reveal that these senescence features could be associated with the terminal differentiation program in some specific cell types including keratinocytes (Paramio et al., 2001; Bachoo et al., 2002) , chondrocytes (Philipot et al., 2014) , myofibers (Pajcini et al., 2010) , and also megakaryocytic cells (Muñoz-Esp ın & Serrano, 2014) . Megakaryocytic cells, myeloid-derived immune cells from which blood platelets originate, are required for wound healing and immune responses (Besancenot et al., 2010) , opening new avenues to explore features of senescence in other types of immune cells.
Cellular senescence onset and macrophages polarization
Macrophages are key players in the defense mechanisms against pathogens and play a central role in inflammation and host defense. They also fulfill homeostatic functions including tissue remodeling and the resolution of tissue damage. Heterogeneity of the macrophage lineage has long been recognized (Gordon & Taylor, 2005) , and they have different functional roles depending on their tissue location and the inflammatory environment that drives their activation (Davies et al., 2013) . In this context, macrophage activation has been conventionally categorized into pro-inflammatory M1 macrophages, induced by IFN-c and toll-like receptor (TLR) ligands, and the alternatively activated antiinflammatory M2 macrophages, induced by IL-4/IL-13 (Biswas & Mantovani, 2010; Gordon & Martinez, 2010) . M1 are efficient producers of toxic effector molecules, pro-inflammatory cytokines, and chemokines that kill pathogens and virus-infected cells as well as senescent or cancer cells (Hoenicke & Zender, 2012; Davies et al., 2013) . In contrast, M2 cells have high levels of scavenger receptors and play a role in allergy, parasite clearance, dampening of inflammation, tissue remodeling, angiogenesis, immunoregulation, and tumor progression (Mantovani et al., 2013; Wynn et al., 2013) . Although a detailed description of these categories is beyond the scope of this review, it is clear that this description is overly simplistic and that macrophages are very plastic cells of the hematopoietic system and exist in a spectrum of states that depend on their tissue microenvironment (Mosser & Edwards, 2008) .
Interestingly, the expression and role of senescence markers, such as p16
INK4a and p14/p19 ARF , in murine bone marrow-derived macrophages (BMDM), as well as in human adipose tissue macrophages, have been recently described Fuentes et al., 2011 
Natural killer cell function and cellular senescence
Natural killer (NK) cells are lymphoid cells with immune surveillance functions thanks to their cytotoxic activity and specific cytokine profile. Besides their immune surveillance role against altered cells such as senescent cells within tissues under physiological and pathological conditions, which will be discussed later, recent evidence suggests that senescence onset of NK cell subset can impact their function. Indeed, decidual NK cells have an important role in promoting immune tolerance and maintaining pregnancy (Fu et al., 2013) . Remarkably, one recent report demonstrates that this specific NK cell subset acquires senescence-like features including permanent cell cycle arrest, DNA damage accumulation and specific chromatin remodeling. This senescence occurs upon activation of the NK receptor, CD158d, by the soluble HLA-G, a nonclassical major histocompatibility complex molecule, secreted by fetal trophoblasts. In turn, senescent NK cells produce a specific SASP that positively regulates the neo-angiogenesis required for embryo implantation during the first trimester of pregnancy (Rajagopalan & Long, 2012; Rajagopalan et al., 2014) . These findings highlight a positive role of cellular senescence in a physiological immune context and open new perspectives in the NK field. Nevertheless, similar to other immune cells, alterations on NK cells number, phenotype, and function have been reported with aging (Hazeldine & Lord, 2013) .
Cellular senescence alters B-cell proliferation in aging
The immune response entails waves of cell proliferation followed by extensive cell death and the emergence of memory cells. Thus, the ability of lymphocytes to undergo repeated cell division is essential for effective immune function. Antigen-specific immune cells have adapted a mechanism otherwise used by malignant cells and germ line cells to extend their replicative capacity, required for lymphocyte function. For instance, in secondary lymphoid organs, na€ ıve B lymphocytes undergo rapid cell division followed by clonal expansion and differentiation from germinal center (GC) B cells to memory B cells (Kelsoe, 1996) . Telomere length is significantly increased during the differentiation of na€ ıve into GC B cells (Weng et al., 1998) . Indeed, quiescent B lymphocytes from peripheral blood samples express low level of telomerase (TERC) (Norrback et al., 1996) . Following in vivo activation and differentiation, TERC levels are transiently induced in GC centroblasts and centrocytes and then down-regulated again in memory B cells (Hu et al., 1997) . These results emphasize that TERC re-expression is possible in somatic B cells in order to maintain their telomere length and prevent senescence. Interestingly, pre-B lymphocytes isolated from young mouse bone marrow and cultured in the presence of IL-7 can become senescent (Signer et al., 2008) . Indeed, after 2 weeks in culture, these cells eventually stop proliferating and concomitantly accumulate p16 INK4a and p14/p19 ARF . It is not known whether B-cell senescence can naturally occur in vivo in young individuals, but with age, the expression levels of both p16
INK4a and p14/p19 ARF increase in all B lineages, particularly in pro-B, pre-B, and IgM+ mature B cells (Krishnamurthy et al., 2004; Signer et al., 2008) . Ectopic expression of p16 INK4a or p14/p19 ARF in young pro-/pre-B cells mimics the effect of aging by decreasing cell growth and survival. In contrast, down-regulation of the CDKN2A locus promotes the proliferative potentials of these cells and CDKN2A gene knockout confers upon B cells a predisposition to leukemogenesis, following BCR-ABL translocation, compared to wild-type cells. Accordingly, in acute lymphoblastic leukemia, immortalization of B cells induced by BCR-ABL translocation results in CDKN2A locus repression (Williams & Sherr, 2007) . Altogether, these findings demonstrate that senescent lymphoid cells accumulate naturally in aging individuals and may prevent B-cell malignancy.
T cells differentiate into long-lived memory T cells that persist at low frequencies, but retain effector functions and high proliferative potential, allowing them to be on constant surveillance and prevent reinfection of the host. The most significant age-related change in the human immune system is the quality and phenotype of the cytotoxic CD8 T-cell subset. Indeed, with age, and in chronic infections such as human immunodeficiency virus (Appay et al., 2007) (Signer et al., 2008) . Although CD4 + T cells are more resistant to age-related phenotypic and functional changes than CD8 + T cells (Weinberger et al., 2007) , a progressive increase in the percentage of senescence-like CD4 + T cells is common with increasing age in healthy individuals (Goronzy et al., 2007; Czesnikiewicz-Guzik et al., 2008) . This increase in senescence-like CD4 + T cells is also observed in patients with chronic infections (Fletcher et al., 2005) and autoimmune diseases such as rheumatoid arthritis (RA) . Analysis of telomere length in the same healthy individual revealed that na€ ıve CD4 + and CD8 + T cells have consistently longer telomeres than memory T cells at all ages, suggesting that the differentiation of na€ ıve into memory T cells involves a relatively constant number of cell divisions independent of the donor's age (Weng et al., 1998; Effros, 2011) . These observations strongly support the notion that telomere length may correlate with the replicative history of T cells during in vivo activation and/or differentiation. Similarly, following multiple rounds of in vitro stimulation, T cells progressively undergo a series of cell divisions associated with transient TERC expression that ultimately leads to culture exhaustion exhibiting features of cellular senescence (Effros, 2011) . Comparable to other senescent cells, in vitro exhausted T cells have short telomeres, cannot proliferate even in the presence of co-stimulatory molecules, and are resistant to apoptosis and metabolically active. This cell cycle arrest can be overcome by ectopic expression of the catalytic subunit of the telomerase (hTERT), demonstrating a role for telomere erosion in this process (Roth et al., 2003) . However, exhausted T cells seem to be distinct from senescent T cells because they have low expression of immunological markers of senescence and progressively lose the ability to secrete cytokines in contrast to senescent T cells (Wherry, 2011; Crespo et al., 2013) . Interestingly, chronic T-cell activation is not the only approach to obtain senescent T cells. Indeed, T-cell senescence can also be stress-induced, the consequence of a deregulated inflammatory environment. For instance, TNF-a or IFN-c, archetypical inflammatory cytokines, can trigger premature senescence of CD8 + T cells in vitro by activating the stress kinase p38 MAPK and down-regulating hTERT gene expression (Di Mitri et al., 2011; Lanna et al., 2013) . Accordingly, pharmacological inhibition of p38 MAPK regulatory pathway such as AMPK-TAB 1 axis delays T-cell senescence-induced cell cycle arrest (Lanna et al., 2014) . Independent of the nature of the senescence-inducing signal, all human T cells that enter into senescence and become highly differentiated are characterized by the loss of CD28 expression. CD28 is an essential co-stimulatory receptor that activates T-cell proliferation. CD28 null T lymphocytes accumulate during aging and cancer presumably due to a prolonged exposure to common persistent antigens (Effros et al., 2003; Effros, 2011) . They are also found in young individuals as a result of chronic antigenic stimulation (Effros et al., 2003; Effros, 2011) or chronic immune degenerative disorders such as juvenile idiopathic arthritis (Dvergsten et al., 2013) , myelodysplastic syndromes (Xiao et al., 2013) , idiopathic CD4 lymphopenia (Bignon et al., 2015) , or RA (Sch€ onland et al., 2003) . The loss of CD28 is not only a result of T-cell receptor (TCR) activation. Indeed, in the presence of certain cytokines (IL-2, IL-7, and IL-15), type I interferon (IFN-a and IFN-b), and TNF-a, the CD28 loss is accelerated (for review, see Weng et al., 2009) . CD28 loss occurs more rapidly among CD8 T cells relative to their CD4 counterparts, presumably due to a faster turnover in the CD8 compartment. CD28 null T cells are apoptosis resistant, terminally differentiated effectors with eroded telomeres. This population is, however, very heterogeneous and encompasses both effector, senescent and T-regulatory (Treg) cells (Freedman et al., 1991; Cortesini et al., 2001; Chang et al., 2002; Suciu-Foca & Cortesini, 2007) . The mechanism by which CD28 expression is down-regulated in vitro and in vivo in senescent T cells has only recently begun to be understood. Mondal et al. (2013) reported that alternative dominant-negative p53 splicing forms, namely D133p53 and p53b, are central players during in vitro and in vivo induced human T-cell senescence. p53b overexpression or Δ133p53 down-regulation represses CD28 gene transcription in human cells (Mondal et al., 2013) . Accordingly, forced expression of Δ133p53 or CD28 in CD8 + CD28 null human T cells is sufficient to delay telomere-dependent growth arrest following culture exhaustion, but failed to permanently prevent the process (Parish et al., 2010) . In addition to low expression of CD28, the absence of CD27, coupled with up-regulation of CD57 expression in humans (killer cell lectin-like receptor G1 in mice) and expression of T-cell immunoglobulin mucin-3 are thought to be associated with T-cell senescence (Henson et al., 2009) . Nevertheless, such alterations of the T-cell phenotype are not restricted to senescent T cells (for review, see Wherry, 2011; Crespo et al., 2013) .
Finally, although senescent T cells are nonresponsive to subsequent stimulation, as are anergic T cells, they are, in contrast, metabolically active and abundantly produce cytokines, including IL-6 and TNF-a. Moreover, CD4 senescent T cells also express NK cell-related receptors and high levels of granzyme B and perforin, which may be important for protection against infections in vivo ( Appay & Sauce, 2008) . Altogether, pro-inflammatory factors included within the SASP of senescent T cells can cause adverse or positive effects on surrounding nonsenescent cells. For example, human tumor-induced senescent CD4 + and CD8 + T-cell subpopulations are functionally altered because they suppress the proliferation of responder T cells in vitro. This suppression requires cellto-cell contact and is considered as a pro-tumoral mechanism (Montes et al., 2008) . In contrast, these same tumor-induced senescent T cells can also modulate monocyte/macrophage cell fate and contribute to antitumoral functions through mechanisms involving galectin 9/Tim3 and CD40/CD40-L pathways (Ramello et al., 2014) .
Hematopoietic progenitors/stem cells and senescence
Cellular senescence not only hallmarks specific differentiated immune cells, as discussed above, but also occurs in hematopoietic progenitors. Hematopoietic stem cells (HSCs) are adult stem cells from which, upon exposure to specific differentiation stimuli, all blood cells originate. In humans and rodent models, the number of HSCs isolated from bone marrow dramatically increases with age, whereas their capacity to proliferate in vitro in cloning formation assays (CFU-F) and to repopulate the bone marrow of irradiated animals progressively decreases (Geiger et al., 2013) . Several groups have reported that murine HSCs accumulate DNA damage and senescence markers with age (Yahata et al., 2011; Flach et al., 2014) . This is caused not only by an increase in oxidative stress linked to dysfunctions in energy metabolism, but also by the progressive repression of the replication factor MCM4 at each cell division (Flach et al., 2014) . Defects in HSC replicative capacities could increase the pool of HSCs with impaired differentiation potential over time. Indeed, senescent/aged HSCs show a reduced ability to produce na€ ıve CD4 + and CD8 + cells and increased differentiation toward the myeloid lineages. Therefore, replicative and age-induced HSC senescence affects immune system homeostasis (Yahata et al., 2011; Flach et al., 2014) . Accordingly, in mouse models, deletion of two senescenceassociated cell cycle regulators such as p16 INK4A and p14/p19 ARF increases the in vitro HSC replicative potential compared to wild-type cells (Wang et al., 2012) . However, because cellular senescence limits tumorigenesis in a cell autonomous-dependent manner, loss of these two proteins leads to a high prevalence of leukemia (Williams & Sherr, 2007) . Features of senescence are widespread throughout the immune system and result in diverse outcomes. Indeed, one can not only find adverse effects of cellular senescence associated with HSC and lymphocytes in aging and chronic disorders, but also beneficial outcomes such as lineage polarization for M1 macrophages following inflammatory stimuli and the pro-angiogenic properties for NK cells during pregnancy.
Cellular senescence and immunity in tissue homeostasis
In response to acute or chronic tissue injury, innate and adaptive immune cells greatly contribute to the maintenance of tissue homeostasis and help ensure the long lifespan of multicellular organisms. Tissue injuries can occur following viral and bacterial infections, or as the consequence of extrinsic or intrinsic organic deficiencies. Under such conditions, injured cells within altered tissues/organs may become functionally deficient leading to either cell death or the onset of cellular senescence. In the latter case, induction of senescence not only prevents the potential proliferation and transformation of damaged/altered cells, but also favors tissue repair through the production of specific factors, called SASP (Tchkonia et al., 2013; Demaria et al., 2014; Muñoz-Esp ın & Serrano, 2014) . For instance, senescent fibroblasts and endothelial cells, which transiently accumulate at the wound, start to produce secreted factors important for wound healing. One of them, platelet-derived growth factor AA, is required for the rapid differentiation of myofibroblasts during wound closure. Accordingly, pharmacological elimination of these senescent cells delayed tissue wound repair in a murine model (Demaria et al., 2014) .
Clearance of senescent cells by the immune system
Senescence-dependent secreted factors also contribute to the recruitment of immune cells participating in cell clearance, particularly of senescent cells following tissue injury. NK cells, macrophages, and cytotoxic CD8 + T cells are chemo-attracted by the inflamed tissues to promote cell death, thus facilitating senescent cell replacement and a return to tissue homeostasis (Hoenicke & Zender, 2012; Davies et al., 2013) . NK cells are especially important in the immunosurveillance of senescent cells during tissue repair (Krizhanovsky et al., 2008a,b) . They are attracted to senescent cells through a p53-dependent secretion of CCL2 [chemokine (C-C) ligand 2] (Iannello et al., 2013) . NK cells then recognize these senescent cells through CD58-ICAM1 binding (Chien et al., 2011; . Furthermore, senescent cells express, in an ATM/ATR (ataxia telangiectasia mutated/Rad3-related kinases)-dependent manner, ligands for two NK cell activating receptors NKG2D and DNAM1 and secrete IL-15, a cytokine that promotes NKG2D and DNAM1 expression in NK cells (Krizhanovsky et al., 2008a; Soriani et al., 2009) . Following receptor activation, NK cells can then specifically induce the death of senescent cells through perforin release by exocytosis (Sedelies et al., 2008; . Macrophages also display an immunosurveillance role against senescent cells within tissues under physiological and pathological conditions. For example, during liver fibrosis, p53-expressing senescent liver satellite cells release IFN-c and IL-6, which in turn skew the polarization of resident Kupffer macrophages and freshly infiltrated macrophages toward the proinflammatory M1 phenotype (Lujambio et al., 2013 ). These M1 macrophages can then rapidly eliminate senescent liver satellite cells within the injured tissue. In contrast, the loss of p53 in senescent liver satellite cells results in IL-4 production, switching macrophage polarization toward the pro-survival and pro-angiogenic M2 phenotype (Lujambio et al., 2013) .
Immune cells induce the onset of cellular senescence to maintain tissue homeostasis 
Inhibiting immune responses through senescence induction
As mentioned, numerous types of immune cells are present at the site of tissue injury to control tissue repair. Recent evidence proposes that induction of cellular senescence is also a mechanism used by the immune system, through the action of regulatory T (Tregs) cells, to restrain immune responses. Treg cells are regulators of the adaptive immune response. They are therefore crucial for the maintenance of immune self-tolerance and homeostasis (for review, see Sakaguchi et al., 2008 , respectively (Ye et al., 2012) . The resulting senescent T cells harbor a specific secretome characterized by IL-6/IL-8/IL-10/TGF-b/ IFN-c/TNF-a production, down-regulation of surface markers, such as + can be prevented through the activation of the TLR8 receptors (Ye et al., 2012 Tregs in mouse models (Kawashima et al., 2013) . These findings reveal the complex interplay between senescence inducers, such as p53, and immune cell fate.
Finally, recent data from Burzyn et al. (2013) revealed a surprising and novel function for Tregs. Following intramuscular injection of cardiotoxin as a model of induced tissue damage following acute injury in mice, the authors unveiled the important role of Tregs in muscle tissue protection, repair, and maintenance. This mode of action seems to be independent of their immunosuppressive functions (Arpaia et al., 2015) . Interestingly, transient accumulation of senescent myogenic cells is also required for proper muscle repair and participates in the process of skeletal muscle regeneration as well (Le Roux et al., 2015) . Investigating the link between Tregs, cellular senescence, and tissue homeostasis could provide new avenues of research in the field.
Summary and perspectives: an integrated view of cellular senescence as a homeostatic orchestrator in immune cell fate and function
In conclusion, we propose in this review an integrated view of cellular senescence features in the immune system and its homeostatic roles throughout life. We described how intrinsic senescence-inducing actors could be part of the terminal differentiation program of several immune cell types, such as megakaryocytes, T cells, macrophages, and probably DCs. Markers of senescence, including CDKN2A, are also involved in the decision by monocytes to differentiate toward inflammatory M1 macrophages, which in turn will participate in T-lymphocyte polarization toward senescence-inducing Th1 cells. CD4 + CD25 Hi FoxP3 + Treg cells exercise their immunosuppressive functions by also inducing senescence on inflammatory T cells, which in turn will be converted into new immunomodulatory cells. Although senescence can be eventually propagated from cell to cell by a bystander effect (Acosta et al., 2013) , the mechanism underlying the suppressive effect of senescent T cells remains largely unknown. Following acute or chronic tissue injuries, cellular senescence in the immune system is central for tissue homeostasis. Specific immune cells, via cell autonomous and non-cell autonomous mechanisms, use senescence-induced cell cycle arrest and secretory properties to control the outcome of tissue development and tissue repair throughout ontogeny. Furthermore, depending on the cell type affected by senescence and the microenvironment, where tissue-resident senescent cells accumulate, the senescence-inducing secretome allows the attraction of the most specific and relevant immune cells required for their own elimination. This secretome influences not only the types and quantity of attracted immune cells, but also their cell fate decision, as exemplified by M1 macrophages and T-cell-induced senescence in preneoplastic lesions (Burd et al., 2013) . Specifically targeting this senescence-inducing secretome might represent a therapeutic alternative against chronic degenerative diseases. Thus, anti-TNF-a therapy in patients with RA was used to restore telomerase expression in T lymphocytes, thus delaying RA-induced premature T senescence (Bryl et al., 2005) .
With aging, the immune system suffers from both impaired HSC selfrenewal and a shift of HSC pluripotency toward myeloid lineages. Furthermore, reduction in functional lymphoid-derived cells altogether with an increase in the number of immune and tissue-senescent cells, which cannot be properly eliminated, will also progressively contribute to the age-dependent loss of tissue function. These discoveries open new perspectives for innovative therapies to delay/restore functional organs in the elderly or in patients with chronic immune degenerative disorders.
